Objectives: To characterize a plasmid in a K1 hypervirulent Klebsiella pneumoniae (HvKP) strain encoding both hypervirulence and carbapenem resistance phenotypes.
Introduction
Klebsiella pneumoniae, a key member of the human gut flora, has evolved into two major types of clinically significant pathogens, namely carbapenem-resistant K. pneumoniae (CRKP) and hypervirulent K. pneumoniae (HvKP). CRKP has become one of the most important carbapenem-resistant Enterobacteriaceae, commonly causing untreatable and hard-to-treat infections among hospitalized patients, and is considered an urgent public health threat according to the US CDC reports in 2013. This strain is also known to account for 70%-90% of clinical carbapenem-resistant Enterobacteriaceae infections in the EU and China. 1, 2 The most dominant clinical CRKP strains belong to clonal group (CG) 258, with ST258 and ST11 being the dominant multilocus STs that prevail in different parts of the world. 3 HvKP, on the other hand, is known to exhibit the ability to cause life-threatening, communityacquired infections such as liver abscess, pneumonia, meningitis and endophthalmitis in young and healthy individuals, resulting in a high morbidity and mortality. 4 These strains are able to acquire efficiently iron and produce an increased amount of capsular substance, which confers a hypermucoviscous phenotype detectable as a positive 'string test' result on blood agar plates. 4 The hypervirulent phenotype of K. pneumoniae was thought to be attributed to carriage of a virulence plasmid that harbours two CPS regulator genes (rmpA and rmpA2) and a number of siderophore gene clusters that contribute to the hypermucoviscous phenotype. 5 To date, 70%-80% of reported HvKP strains belonged to the K1 and K2 types of K. pneumoniae. 6 These HvKP strains could further evolve to become carbapenem-resistant HvKP (CR-HvKP) through acquisition of a carbapenemase-encoding plasmid. 7 Alternatively, CR-HvKP strains may emerge as a result of acquisition of a hypervirulence plasmid by existing CRKP strains that do not necessarily belong to K1 or K2. 8 Nevertheless, CR-HvKP strains are still rarely reported, presumably due to the compatibility of these plasmids with specific ST types of K. pneumoniae. In this study, we report for the first time (to the best of our knowledge) that a bla KPC-2 -encoding element can be integrated into a virulence plasmid, which then possesses the ability to mediate expression of both hyper-resistance and hypervirulence phenotype in K. pneumoniae. Transmission of this new plasmid among K. pneumoniae strains will result in a significant increase in the prevalence of the CR-HvKP infections.
Materials and methods

Bacterial strains
CR-HvKP strain KP70-2 was recovered from the sputum sample of a patient who died of septic shock and characterized with MLST and S1-PFGE hybridization as previously described. 7 This strain was subjected to further genetic characterization in this study. HvKP strain KP70-1, which was the parental carbapenem-susceptible strain isolated from the same patient before carbapenem treatment, was also included as a control strain for the virulence study.
String test
All isolates were inoculated onto agar plates containing 5% sheep blood and incubated at 37 C overnight. The string test was deemed positive when a viscous string of .5 mm in length could be generated by touching and pulling a single colony upwards with a standard bacteriology loop. 4 
Galleria mellonella infection model
Virulence of K. pneumoniae strains in wax moth larvae (G. mellonella) weighing 300 mg (purchased from Tianjin Huiyude Biotech Company, Tianjin, China) was split into experimental groups of 10 larvae and tested with bacterial infection concentrations of 1%10 6 cfu using methods described previously. 9 The survival rates of G. mellonella were recorded over 48 h post-infection. All experiments were carried out in triplicate. The susceptible HvKP strain 70-1 and the classic carbapenem-resistant K. pneumoniae strain FJ8 from previous studies were used as controls of high and low virulence strains, respectively. 7, 8 Statistical analyses were performed and visualized with GraphPad Prism v.7.00 (GraphPad Software Inc., La Jolla, CA, USA).
Whole-plasmid sequencing and analysis
Plasmids harboured by strain KP70-2 were extracted using Qiagen Midi prep kit and sequenced using the Illumina NextSeq 500 sequencing platform and Nanopore MinION sequencer platforms with methods described previously. 10 Raw Illumina reads were trimmed or filtered to remove lowquality sequences and adaptors. Hybrid assembly of both short Illumina reads and long MinION reads was constructed using Unicycler v 0.3.0 with the Pilon (v1.22) option on for the modification of the assembled reads. 11, 12 The plasmid sequences were annotated with the RAST tool and Prokka. 13, 14 Plasmid sequence comparison was performed using the using BLAST analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the BLAST Ring Image Generator. 15 Incompatibility types, antimicrobial resistance genes and ISs were searched for using PlasmidFinder 1.3, ResFinder 2.1 and ISfinder tools. 16 Virulence-associated genes were searched for manually using the BIGSdb Klebsiella genome database. 17 Comparison between the drug resistance region in pKP70-2 and similar sequences in the NCBI database was conducted with EasyFig. 18 
Accession number
The sequence of plasmid pKP70-2 was deposited in GenBank with accession number MF398271.
Results and discussion
In the previous study, a K. pneumoniae ST23 and serotype K1 strain known as KP70-2 was isolated and characterized as previously described.
7 Strain KP70-2 was found to exhibit resistance to b-lactams (imipenem, meropenem, cefotaxime and ceftriaxone), 7 as well as the hyperviscous phenotype in string test. At the inoculum of 1%10 6 cfu at 48 h after infection, survival of G. mellonella was 0% with K. pneumoniae strains KP70-1 and KP70-2, while survival was 80% with FJ8 ( Figure 1 ) , suggesting strain KP70-2 was hypervirulent and this virulence potential was not attenuated after the acquisition of MDR phenotypes when compared with KP70-1.
Unlike other CR-HvKP strains that normally harbour two plasmids, one encoding hypervirulence and the other hyperresistance, S1-PFGE and Southern hybridization showed that the virulence gene rmpA2 and the carbapenemase gene bla KPC-2 were both located in a plasmid of 240 kb that was non-transferable to Escherichia coli.
7 Consistent with the S1-PFGE data, only one plasmid, designated as pKP70-2, was identified by hybrid assembly of whole-plasmid sequencing data. Plasmid pKP70-2 is 238 153 bp in length, with an average G ! C content of 50.3%, and comprises 290 predicted ORFs. A plasmid comparison based on a full-plasmid BLASTn query showed that it exhibited 99% identity with each of the following plasmids: pRJF999 (GenBank CP014011), pK2044 (GenBank AP006726), pRJA166b (GenBank CP019049), pRJF293 (GenBank CP014009), pLVPK (GenBank AY378100), an unnamed plasmid in strain ED23 (GenBank CP016815), pKCTC2242 (GenBank CP002911) and pKp_Goe_414-2 (CP018338), with query coverage ranging from 93% to 77% (Figure 2a) . Apart from pKp_Goe_414-2, which belongs to the incompatibility group FIB (IncFIB), pKP70-2 and seven other related plasmids were all multi-replicon (IncHI1B/ IncFIB) plasmids. Importantly, pKP70-2 was found to harbour a unique region of 15 kb that was not present in all other plasmids. A further BLAST search of the 223 373 bp backbone sequence of pKP70-2, excluding the unique region, reveals that it is highly bla KPC-2 -bearing virulence plasmid in hypervirulent K. pneumoniae JAC similar to pRJF999 (GenBank CP014011) and pK2044 (GenBank AP006726), both from K. pneumoniae subsp. pneumoniae isolates in Asia, with 99% identity and 99% coverage. The backbone of these plasmids was found to harbour genes responsible for plasmid replication, virulence traits of the strain and heavy metal resistance. 19 The unique region harboured by plasmid pKP70-2 was found to be an MDR-encoding region, which was 14 780 bp in length and located between the conserved backbone genes encoding the aldo/keto reductase (locus tag 'KP1_RS25985' in pK2044) and a hypothetical protein (locus tag 'KP1_RS25990' in pK2044) (Figure 2 ). This MDR region was flanked by two copies of IS26, one at each end in the same orientation. Each IS26 is in turn linked to an external 8 bp sequence (CTAAAATT), possibly a product of target site duplications, suggesting that the MDR region was inserted into the virulence plasmid. This MDR region was found to harbour several mobile elements, each of which in turn contains specific antibiotic resistance genes. The dfrA14 gene, which confers resistance to trimethoprim, is located in a class 1 integron-like element (mobC-dfrA14-IntI1) bracketed by IS6100 and IS26. The bla KPC-2 gene is located in a non-Tn4401 element, termed NTE KPC -Id, with the structure IS26-DtnpR-ISKpn8-bla KPC-2 -DISKpn6-IS26. 3 This region also includes an anti-restriction system (ecoRII-ecoRII met) and genes encoding plasmid maintenance functions (kikA and mrr).
Similar MDR genetic structures were detected in the 65 kb IncN plasmids pECN580 (GenBank KF914891) and pKo6 (GenBank KC958437), which were recovered from E. coli and K. pneumoniae strains, respectively, with 100% nucleotide identity and 97% coverage (Figure 2b) . 20 There was a total of four copies of IS26 in pKP70-2, but only two in pECN580 and pKo6. These observations provided evidence of insertion of this region into the backbone of this virulence plasmid, presumably because of intermolecular replicative transposition mediated by IS26. 21 This theory is further supported by the observation of an 8 bp target site duplication at the end of each of the two IS26 elements flanking the MCR region. It should also be noted that there are two other structural differences between the MDR region in pKP70-2 and other closely related plasmids. First, an additional 230 bp is present in pKP70-2 between the two copies of IS26, in the middle of the class 1 integron-like element and the NTE KPC -Id element. Second, the orientation of the entire NTE KPC -Id element in pKP70-2 was opposite that of other gene loci in this element, when compared with pECN580 and pKo6. The multiple copies of IS26 in pKP70-2 may facilitate occurrence of recombination events between plasmids, generating hybrid elements such as pKP70-2.
In conclusion, we delineated the genetic structure of a hybrid plasmid, formed by IS26-mediated insertion of the bla KPC-2 and dfrA drug resistance mobile elements into the virulence plasmid. To the best of our knowledge, this is the first report of a bla KPC-2 -bearing virulence hybrid plasmid in K. pneumoniae, whose emergence poses a serious public health concern. 
